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Modulation of nanoparticle separation 
by initial contact angle in coffee ring effect
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Abstract 
The coffee ring effect occurs when a droplet of a suspension evaporates on a substrate; this process can separate 
suspended nanoparticles (NPs) by size as a result of geometric constraints at the contact line of the evaporating drop-
let. In the study, we used a polydimethylsiloxane (PDMS) stamp to make an even contact line, and we changed the 
contact angle θ of the droplet by selectively configuring hydrophilic and hydrophobic surfaces. In experiments, the 
temperature, relative humidity were held constant and glass was used as substrate. When the initial θ of the droplet 
was changed by using the PDMS stamp to coat the glass, NP separation was governed by θ, not by droplet volume 
VD. When droplets had different initial θ but the same VD, the NP separation in the droplet was ~ 8 µm at θ = 50°, 
~ 10 µm at θ = 30°, and ~ 16 µm at θ = 14°. This ability to increase the separation between particles by changing the 
initial θ of the evaporating droplet may allow clear separation of NPs in evaporating droplets.
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Introduction
When a droplet of a suspension dries on a substrate, 
a deposit of concentrated particles appears as a ring-
shaped stain; this phenomenon is commonly known as 
the ‘coffee ring’ effect. The coffee ring effect was initially 
studied by Deegan et  al. [1–3]. The effect was further 
studied for various purposes such as formation of the 
coffee ring [4], microarrays of DNA/RNA [5–7], ink-jet 
printing [8], crystallization [9], assembly of nanoparticles 
(NPs) [10–13], and biophysical detection [14, 15]. The 
coffee ring effect can separate particles by size; this ability 
has been exploited to simplify separation of NPs. How-
ever, the separation of NPs in the evaporating droplet 
should be improved to effectively distinguish unknown 
NPs by size. Some factors can be exploited to improve 
the particle separation. The Marangoni flow induced by 
a surface gradient can vary the position of the different 
sizes of NPs [16]. In this study, we focus on the geome-
try of the droplet because the mechanism of deposition 
of NPs is governed by a geometrical constraint that is 
imposed by the shape of the droplet [17].
The shape of the droplet can affect results of experi-
ments related to the coffee ring effect. A droplet has a 
contact angle θ that depends on the surface energy of the 
liquid and the hydrophobicity of the substrate. θ affects 
the pattern of deposition, and therefore should be care-
fully controlled in experiments. The contact line (CL) of 
the droplet with the surface is also nonhomogeneous and 
uneven, so evaporation occurs asymmetrically. Particle 
separation occurs at the CL, and if it is not straight, the 
positions of the deposition of the particles vary, so the 
patterns of the coffee rings are inhomogeneous.
In this study, a polydimethylsiloxane (PDMS) stamp 
was used to construct hydrophilic and hydrophobic sur-
face patterns on a substrate [18] to achieve a droplet that 
has a uniform CL, and to control initial θ by controlling 
the initial volume of the droplet. This approach ena-
bled control of the modification of separations of differ-
ent sizes of NPs that were suspended in the evaporating 
droplet. Use of the PDMS stamp achieved a uniform CL 
of the droplet, and the separation between NPs depended 
on θ.
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Materials and methods
Fluorescent polystyrene sphere beads (Magsphere and 
Thermo-Scientific) of 100 nm (red), 500 nm (green), 1 µm 
(blue) were diluted in deionized water of 15 ml. Ratio of 
particle number was 10: 4: 1 and number of 1 µm bead 
was 6 × 106. The particles have density of 1.05  g/cm3. 
Slide glasses (76  mm × 52  mm × 1.2  mm) were used as 
substrates.
Photolithography was conducted on a 4-inch Si wafer. 
The wafer was first dehydrated for 10  min at 150  °C. 
SU-8 2050 photoresist (Microchem) was spin coated at 
500 rpm for 20 s with 8 s of acceleration time, then spin 
coated at 4000 rpm for 50 s with 15 s acceleration time. 
Wafer was soft-baked at 90 °C for 6 min then exposed to 
a UV light (wave length = 380 nm, 10 mJ/s) for 20 s. Then 
the wafer was post-baked at 90 °C for 6 min, then devel-
oped using SU-8 developer (MicroChem) for 3 min. The 
wafer was then hard-baked at 120 °C for 20 min.
Polydimethylsiloxane (PDMS) resin (Dowhitech) 
and curing agent (Dowhitech) were mixed in 9:1 vol-
ume ratio. The mixture was poured onto the patterned 
wafer, then cured in an oven at 60 °C for 4 h, and cut to 
pieces 70 mm × 50 mm. The resulting patterns were used 
to impose hydrophobicity and hydrophilicity to glass 
substrates.
The droplet was evaporated in a thermally-controlled 
chamber (Fig.  1a). The temperatures of the cool surface 
(33  °C) and warm surface (35  °C) were controlled indi-
vidually by independent water baths. The temperature 
difference induced a surface-tension gradient at depth of 
1 mm. Air with constant temperature and relative humid-
ity was maintained by the temperature and humidity 
chamber.
The experiment was conducted in five steps. (1) The 
glass was treated using oxygen plasma at 70 W for 2 min 
(Femto Science). (2) The PDMS stamp was immediately 
pressed on the glass for 1 min to transfer a hydrophobic 
pattern, then peeled off. (3) A droplet of solution with 
NPs was dropped on the hydrophilic pattern on the sub-
strate (Fig.  2a). (4) The droplet was evaporated in the 
chamber under controlled temperature and humidity. 
(5) The residual ring was observed using a fluorescence 
microscope.
Result and discussion
The governing equation of the evaporating droplet is a 
vapor mass transfer equation: dc
dt
= D∇2c , where c [mol/
m3] is the local liquid vapor concentration, t [s] is time, 
and D  [m2/s] is the vapor diffusivity. This equation can 
be simplified by neglecting the transient term by assum-
ing quasi-steady state because of the slow evaporation of 
the liquid (dc/dt = 0) The droplet can be assumed to be 
a spherical cap, and the gravity effect can be neglected 
in a small droplet. The analysis considers Bond number 
0.044 ≤ Bo =
ρgRh
σ
≤ 0.073 , which is the ratio of sur-
face tension to gravitational force, and Capillary number 
Ca = µV
σ
≈ 10−7 , which is the ratio of viscous force to 
surface tension, where ρ [kg/m3] is the density of the liq-
uid, g = 9.8 m/s2 is the force of gravity at the Earth’s sur-
face, h [m] is the height of the droplet, R [m] is the radius 
of the droplet, μ [N  s/m2] is the liquid viscosity, and σ 
[N/m] is the surface tension of the liquid.
The process of using the PDMS stamp to coat the glass 
yielded a selective pattern of hydrophobicity and hydro-
philicity that induced formation of a pattern of droplets 
on the glass (Fig.  2b). Three circular shapes of different 
diameters d [mm] were used for the experiment. Pat-
terns coated by PDMS stamp remained for 30 h (Fig. 2c). 
Droplets with volume VD = 0.8 µL were dropped on pat-
tern 1 (d = 1.98 mm), pattern 2 (d = 2.55 mm), pattern 3 
(d = 3.18 mm). The droplet above pattern 1 had θ1 = 50° 
and the droplet above pattern 2 had θ2 = 30°. These θ did 
not change for 30 h after the PDMS stamping. However, 
the droplet above pattern 3 had θ3 = 14° and this droplet 
changed its shape on the glass and could not fill the whole 
pattern; these results indicate that the hydrophobicity of 
PDMS film was retained for at least 30 h, and that hydro-
philicity imparted by the air plasma was weakened. To 
obtain a small θ3 = 14° effectively, the experiment should 
Fig. 1 a Experimental set of evaporation of droplet in temperature- and humidity-controlled chamber. b Flow of different-size particles at contact 
line of evaporating droplet
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Fig. 2 a Schematic of PDMS-coated glass by PDMS stamp. b Image of patterned droplet on PDMS coated glass. c Contact angle of droplet vs. time 
after PDMS stamping. d SEM image of contact line of evaporated droplet with 100 nm, 500 nm, and 1 µm beads on PDMS-coated glass. AFM image 
of e PDMS coated area on glass and f non-coated glass. Surface roughness of g PDMS coated glass and h untreated glass
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be performed immediately after PDMS stamping of the 
substrate.
The coffee-ring effect separated the 100  nm, 500  nm, 
and 1  µm NPs (Fig.  2d). The hydrophobic surface out-
side the pattern was partially coated by PDMS (Fig. 2e, f ) 
with heights of ~ 10 to 15 nm (Fig. 2g), whereas the non-
stamped area was smooth (Fig. 2h).
The coffee ring effect appears on a substrate where 
droplet has dried. The CL of the droplet is pinned due to 
the surface property of the substrate. Evaporation rate is 
highest at the rim of the droplet (Fig. 1b). The evapora-
tion flux 
(
�J · �n
)
 was calculated by FEM analysis as 
described previously [2, 19, 20]: 
(
�J · �n
)
= J0
(
1− r˜2
)−(θ) 
where J0 is the evaporation flux of the center of the drop-
let, r˜ is the ratio of radial distance r [m] to the radius R 
[m] of the droplet; λ(θ) is a fitting parameter that repre-
sents the non-uniformity of the evaporation flux of the 
droplet at different contact angles. The molecules at the 
outer edge of the droplet have higher probability of 
escaping than do molecules at the center of the droplet; 
i.e., loss of molecules increases with distance from the 
center the droplet. The mass loss rate of the droplet can 
be integrated from the evaporation flux: 
−m˙(t) = piRD(1−H)cv
(
0.27θ2 + 1.30
)
 . The mass loss 
rate is proportional to R, diffusivity D  [m2/s], difference 
of vapor concentration (1 − H)cv and increases quadrati-
cally as θ increases. The evaporation flux differs along the 
interface of the droplet.
This difference of evaporation flux drives an outward 
flow from the center to the rim of the droplet to com-
pensate for liquid loss. The suspended NPs in the droplet 
are carried by the outward flow and deposited at the CL 
between the droplet and the substrate. After complete 
evaporation of the droplet, rings of concentrated NPs 
appear on the substrate.
Particle separation occurs when the suspended NPs in 
the droplet are trapped in the gap between droplet and 
substrate [17]. As a consequence, evaporation of the 
liquid causes the NPs to be aligned by size near the CL 
(Fig. 3); in theory, the position at which an NP is depos-
ited depends on its size as Δl = Δr tan (θ/2), where r is 
particle radius Δr = r2 − r1, and Δl is separation distance. 
However, in a real system, measured Δl is longer than the 
calculated value.
The coffee ring effect can be weakened by the Maran-
goni effect [21, 22], which is caused by a surface tension 
gradient that is induced by a temperature gradient. The 
particles are concentrated at the center of the droplet 
by inward Marangoni flow. For effective separation, the 
Marangoni effect can be adjusted to the coffee ring effect 
in the evaporating droplet [23]. The Marangoni flow 
recirculates the particle along the interface of the droplet. 
Small NPs approach the CL more closely than large NPs 
do. The combination of the Marangoni flow due to tem-
perature gradient and radial outward flow that is gener-
ated by difference in the latent heat of evaporation along 
CL allows simple separation of NPs that have sizes from 
nanometers to micrometers.
The PDMS stamp was used to make droplets that had the 
same initial θ but different VD (Fig. 4a–c). The temperature 
of the chamber was ~ 34 °C, and relative humidity was ~ 50% 
with temperature gradient of 2 °C/mm in every experiment. 
The conditions of the air and the substrate were maintained 
constant to isolate the effect of the initial θ.
Different sizes of pattern (d1 = 1.98 mm, d2 = 2.55 mm, 
d3 = 3.18  mm, d4 = 3.82  mm) on a PDMS stamp were 
used to make the same θ. θ was controlled by adjusting 
VD. The combination of the hydrophobicity of the sur-
roundings of PDMS film and the hydrophilicity induced 
using air plasma, caused droplet capture in a pattern 
on the glass. After the droplets had been evaporated in 
the temperature- and humidity-controlled chamber, the 
separation of the 100  nm, 500  nm and 1  µm beads was 
almost same when the droplet had the same θ (Fig. 4d). 
The largest VD was more than six time the smallest VD, 
but this difference did not affect the particle separation.
To evaluate the effects of the initial θ of the droplet, 
PDMS stamp was used to make different initial con-
tact angles θ1 = 50°, θ2 = 30°, θ3 = 14° (Fig.  5a) with the 
same VD. The condition of the evaporation was same 
as the previous system of particle separation. After the 
droplet had evaporated, fluorescent polystyrene beads 
with sizes of 100  nm, 500  nm, 1  µm were separated by 
size near the CL of the droplet. The separation between 
beads increased as θ decreased, from ~ 8.6 μm at θ1 = 50° 
(Fig. 5b) to ~ 10 µm at θ2 = 30° (Fig. 5c) to ~ 16.6 µm at 
θ3 = 14° (Fig. 5d). This result indicates that reducing the 
θ increases the particle separation at given conditions 
of temperature, relative humidity, temperature gradient, 
volume, and particle concentration (Fig. 5e).
Particle separation has several uses. Bioparticles sep-
arate in the droplet by size, so the method can be used 
to measure particle size [17]. This method may have 
use in diagnosis of diseases. To use the separation of 
NPs effectively, the resolution of separation should be 
Fig. 3 Geometric constraints on approach to CL by NPs of different 
sizes. The NPs are sorted by size
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improved. One method to achieve this goal may be to 
change the Marangoni flow by controlling the temper-
ature gradient and change the type of substrate [16].
Here we focused on the fundamental mechanism 
by which NPs are deposited. We changed the initial 
contact angle of the evaporating droplet, and thereby 
allowed NPs of different sizes to align at different posi-
tions near the CL. Our results indicate that droplet 
that has small volume above pattern reduces the initial 
contact angle and allow the improved particle separa-
tion. This result matches to the principal mechanism 
of the deposition of the NPs in the evaporating drop-
let. This study will broaden the knowledge of particle 
separation.
Conclusion
The paper presents a simple method to separate NPs by 
size. A PDMS stamp was used to divide a surface into 
hydrophilic and hydrophobic areas. This division ena-
bled formation of an even CL and allowed control of 
the contact θ angle of water droplets. θ and volume VD 
of the droplet were changed, but the temperature gradi-
ent to produce the Marangoni flow, and relative humid-
ity were maintained constant. The separation between 
NPs was controlled by the initial θ, but was not affected 
by VD. The separation of the NPs in the evaporating 
droplet was affected by the initial contact angle because 
the NPs are aligned by their size at the CL due to the 
Fig. 4 Image of the droplet with same contact angle but different volumes a θ1 = 50°, b θ2 = 30°, c θ3 = 14°. d Separated length between 100 nm 
and 1 µm beads in the evaporated droplet with same contact angle but different volumes
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geometric constraints in the droplet. Controlling the 
initial contact angle to ~ 14° will allow effective separa-
tion of NPs by size in an evaporating droplet when it 
undergoes the coffee ring effect.
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